Abstract: An outbreak of measles occurred in a high school with a documented vaccination level of 98 per cent. Nineteen (70 per cent) of the cases were students who had histories of measles vaccination at 12 months of age or older and are therefore considered vaccine failures. Persons who were unimmunized or immunized at less than 12 months of age had substantially higher attack rates compared to those immunized on or after 12 months of age. Vaccine failures among apparently adequately vaccinated individuals were sources of infection for at least 48 per cent of the cases in the outbreak. There was no evidence to suggest that waning immunity was a contributing
Introduction
Widespread use of measles vaccine in the United States has led to a dramatic decline in the number of reported cases of measles. Since 1979, over 95 per cent of school enterers have had histories of receipt of measles vaccine.' Measles vaccine is highly effective; most studies have shown that at least 90 per cent of vaccine recipients are protected and many studies indicate a protection level of 95 per cent or higher.25 However, since the vaccine is not 100 per cent effective, there will always be some proportion of vaccinees (10 per cent or less) who remain susceptible to the disease. A major concern in the measles elimination effort is whether this small proportion of vaccine failures could sustain measles transmission.
Between March 3 and April 18, 1984, an outbreak of measles occurred in a high school in Massachusetts with a documented school immunization level of 98 per cent. This setting allowed us to address the question of whether measles transmission could be sustained in a highly vaccinated population and to assess the role of vaccinated individuals in the transmission of the disease.
Background
Waltham, a city nine miles west of Boston, MA with a land area of 12 to 41 square miles, contains 11 elementary schools (Kindergarten-Sth grade), three junior high schools (Grades 6-8), and one senior high school (Grades 9-12). In addition, there is a college with an enrollment of 5,000 and a university with an enrollment of 3,000. The outbreak senior high school has an enrollment of 2,098 students. Students come to school by either school bus or personal cars. The school buses are shared by both elementary and high school students. In the outbreak school, intermingling of students from different grades typically occurs in the hallways before each class session and during lunch in the school cafeteria. There were no competitive sporting events involving other schools during the period of the outbreak.
factor among the vaccine failures. Close contact with cases of measles in the high school, source or provider of vaccine, sharing common activities or classes with cases, and verification of the vaccination history were not significant risk factors in the outbreak. The outbreak subsided spontaneously after four generations of illness in the school and demonstrates that when measles is introduced in a highly vaccinated population, vaccine failures may play some role in transmission but that such transmission is not usually sustained. (Am J Public Health 1987; 77:434-438.)
Methods

Case Definition
A case of measles was defined as an individual with: 1)
generalized maculopapular rash of -3 days duration; 2) fever (-101°F if measured); 3) at least one of the following: cough, coryza or conjunctivitis.
Surveillance
Regular daily contact was maintained throughout the outbreak period with school nurses, physician offices, and hospital emergency rooms in the county. Each patient with rash illness was interviewed, investigated, and attempts were made to determine the possible source of infection or exposure. School bus schedules were reviewed and bus drivers were also interviewed. School absentee registers covering the period February 1-April 30, 1984 were reviewed and any students absent from school for three or more consecutive days or the first and last days of the school week were interviewed to determine the reasons for absence. Students who were sick during Spring Break (April 13-April 23, 1984) were also interviewed to determine the nature of the illness. Twenty four of the 27 cases occurred in students attending the senior high school (enrollment 2,098, attack rate 1.1 per cent). Of the remaining three cases, two were siblings of the source case (one elementary school attendee and the other a junior high school attendee). The third patient, who also attended thejunior high school, had onset of illness while on spring break in Florida. No other cases were reported from the schools these three cases attended or from any other schools in the city.
Thirteen of the cases were male, and 14 female. Except for the non-senior high school cases, all the cases were aged 14 to 18 years of age. The immunization status for all the cases in the outbreak and the pattern of transmission are shown in Figure 1 . Overall, eight cases (30 per cent) were preventable, three with no history of vaccination and five who had been vaccinated at less than 12 months of age. The remaining 19 cases were non-preventable and had all received at least one dose of vaccine at 12 months of age or older.
The source case for the senior high school outbreak was a 16 year-old male 12th grade student who worked part-time in the dining room of the nearby college, where there had been an outbreak of measles; he was epidemiologically linked to cases that had been reported at the college. The student had onset of rash illness on March 3, 1984 but did not attend school during the major communicable period of illness (the prodrome and the first four days after onset of rash). The two siblings of the source case developed rash illness seven and ten days thereafter and attended school during their infectious period. No spread was recognized in the schools they attended, however.
The outbreak was introduced into the senior high school by a female 16 year-old 11th grade student who rode on the same school bus as the junior high sibling of the source case. This adequately immunized patient transmitted disease to at least five other students in the senior high school. For the cases after the introduction in the senior high school, adequately immunized persons were identified sources for 11 cases (48 per cent) and inadequately immunized persons for 10 cases (44 per cent). Adequately immunized persons gave rise to a median of zero cases (mean = 1.9, range 0 to 5) while for inadequately immunized persons the median was 1. 'Cases/estimated total students from random sample.
third immunization was given as measles-mumps-rubella (MMR) vaccine when the school laws required evidence of immunity to mumps and rubella. In all, persons who received one dose of measles vaccine at 12 months of age or older had almost three times the risk of developing measles than persons who had received two doses (relative risk = 2.6, 95 per cent CI 0.9, 7.8). The estimated vaccine efficacy computed using the sample of immunization records as denominators for calculation of attack rates was 94.4 per cent (95 per cent CI 90.6 per cent, 97.0 per cent) for single dose recipients immunized on or after 12 months of age.
The risk of disease by time passed since vaccination was evaluated for single dose recipients of measles vaccine who had been vaccinated on or after their first birthday ( Table 3) . The estimated attack rates by time elapsed since vaccination varied from zero for those immunized 0 to 4 years previously to 1.4 per cent for those immunized 10 or more years previously. (p = 0.28, chi-square test for trend). The attack rates of subjects who received more than one dose were not analyzed in this way since the subsequent doses were administered more recently.
The results of the case-control study are presented in Table 4 . Cases of measles were more likely to have had face-to-face contact with another case, to have attended the same classes, shared common activities, and have a case as a friend. History of revaccination or provider verification of the immunization history were not risk factors in this outbreak.
Outbreak Control
During the outbreak period, a complete review of all school immunization records was conducted and 23 students were identified with inadequate evidence of immunity to measles. Measles vaccine was given to 15 of the students. The remaining eight had religious or philosophical objections to vaccination and were therefore excluded from school until May 10, 1984, 21 days after the last case was reported. In addition, two infants who were siblings of cases were given immune globulin prophylaxis.
Discussion
This outbreak of measles occurred in a highly vaccinated population and 70 per cent of the cases were vaccine failures. The overall attack rate of 0.8 per cent in the school, among presumably adequately vaccinated students, was below the expected 2-10 per cent primary vaccine failure rate for measles vaccine.578 Vaccine failures in this setting also played some role in the spread of disease.
Although there was a tendency to more severe illness among the inadequately vaccinated patients, as evidenced by the higher hospitalization to case ratio in this group, this was not impressive. The failure to find large differences in other potential indices of severity of illness such as number of days absent from school, duration of fever, and duration of rash may have been due to the inclusion of persons immunized prior to 12 months of age in the inadequately immunized group. However, since primary vaccine failure (most never responded to initial vaccination) is known to be high in this inadequately vaccinated group, the failure to observe differences suggests that overall illness patterns are similar in vaccine failures and in the unvaccinated.
The finding that inadequately and adequately immunized students gave rise to a similar number of cases on average indicates that vaccine failures in this outbreak played some role in the spread of disease. The likely reason for the fact that measles transmission subsided spontaneously and no cases occurred beyond the fourth generation in the high school, is that in a highly vaccinated population, the few vaccine failures do not come into frequent contact with students capable of transmitting the virus. The lack of spread in the junior high school and the elementary schools attended by the siblings ofthe source cases suggests that this may be the case. The closure of school for spring break may also have reduced the risk of contact. Nevertheless, depending on how they are dispersed in the population, and the extent of exposure, vaccine failures may serve to perpetuate an outbreak even in a highly vaccinated population. Clearly, the low overall attack rate among vaccinated students in the senior high school, given the expected failure rate of 2-10 per cent, suggests that not all susceptibles were exhausted.
The possible causes of vaccine failures can be divided into two major categories: primary, due to lack of initial seroconversion; and secondary, due to loss of immunity after initial seroconversion. Since seroconversion is rarely documented after vaccination, these two types of vaccine failure are difficult to distinguish. The primary failure rate for measles vaccine has been shown to be less than 5 per cent under field trial conditions.21 It has been suggested that in clinical practice it may be somewhat higher, as much as 10 per cent.' Nevertheless, one serologic study using a sensitive Elisa test showed a failure rate of only 1.7 per cent.5
Primary vaccine failure can be due to either inactive vaccine or inadequate host response. In this outbreak we were unable to show clustering of cases by time, place, or provider of vaccine which would have suggested a potential problem with vaccine handling. We were able to provider verify immunization histories for both our case and controls to a similar extent, suggesting that the school vaccine histories for both cases and controls were accurate. The finding of significantly higher attack rates among persons immunized at less than 12 months is consistent with previous reports that have shown lower vaccine efficacy when compared to those immunized after 12 months of age.9"l The second possibility, inadequate host response to vaccine, could not be ruled out among the vaccine failures.
The analysis of attack rates by time elapsed since vaccination suggests that waning immunity among the vaccine failures was not a major problem in this outbreak. This finding is consistent with other similar epidemiologic studies which have failed to show any significant differences in attack rates when the interval from vaccination to exposure varied from 0-3 years to 10-12 years.7-9"2 In addition, multiple serologic studies have shown that immunity induced by measles vaccine is long lasting.8""3"4 Measles specific antibodies have been shown to persist up to 16 years after vaccination and although about 13 per cent of individuals lose detectable antibodies, these individuals show a secondary or anamnestic response when they are revaccinated, suggesting that they are still probably immune. '4 This outbreak demonstrates that while measles transmission can occur in a highly vaccinated population and vaccine failures may play some role in the spread of disease, such transmission is usually not sustained.
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